Introduction
Chlorophenols (CPs) have been widely used in various industrial or agricultural processes, such as dyes, rubber, chemicals, explosives, pesticides, antiseptics, disinfectants manufacturing and wood preservation.
1,2 They exist in air, water or soil extensively, and are now considered to be a kind of environmental contaminants, due to their high toxicity and potential carcinogenicity. 3 A lot of phenol compounds are listed as first-priority pollutants in the European Union and the United States (by US Environmental Protection Agency). Besides, they are constantly accumulated in the environment because of their strong chemical stability and resistance to microbial degradation. Therefore, the determination and monitoring of trace CPs in the environment are important.
Various analytical methods for the simultaneous separation and detection of CPs have been reported. The HPLC, as well as capillary electrophoresis (CE), coupled with UV, 2, 4 fluorescent, 5,6 electrochemical, 7.8 or a MS detector, 9, 10 are most often suggested. Also, GC combined with MS, 11 FID, 12 atomic emission detection (AED) after derivation to introduce the iron ion, 13 or electron capture detection (ECD) 14 have been reported. Among all of these methods, the research of GC has basically focused on derivatization due to the low volatility (generally around 200 C of bp) and the high polarity of the CPs. Undoubtedly, the derivation procedure is complex and time-consuming. HPLC and CE appear as general trends to overcome any difficulty to derive the CPs. 15 However, HPLC still requires a relatively expensive instrument, while CE has a low detection sensitivity. Nowadays, micellar electrokinetic chromatography (MEKC) on a microchip has proved to be a rapid, powerful and efficient technique due to its major merits of extremely low solvent consumption, nano-liter sample requirement, facility of automation and low running cost. 16 MEKC is based on the partition equilibrium of analytes between the micellar pseudostationary phase (PSP) and the surrounding medium; also, the surfactant-SDS has been regarded as being the most common PSP.
et al. 20 successfully separated the neurotransmitters using a polystyrene nanosphere modified PDMS chip. Qiu et al. 21 reported a poly(diallyldimethylammonium chloride) (PDDA)/poly(sodium-p-styrenesulfonate) (PSS) modified PDMS chip to obtain a stable EOF based on reduced non-specific adsorption. In addition, a PDDA/nano-TiO2 coated microchip and a PDDA/nano-SiO2 coated microchip have also been reported. 22, 23 In this work, we have built a PDDA/SiO2 NSs/PSS coated PDMS microchip by the LBL assembly technique for the separation of CPs coupled with amperometric detection. Please refer to the methodology used to modify the electrode to achieve a lower detection limit with single-walled carbon nanotubes 24 or graphene. 25 We developed a graphene/Nafion modified electrode to achieve high sensitivity in this work.
Experimental

Instruments and reagents
Electrochemical detection was performed using an RST3100 Electrochemical Workstation (Suzhou Risetest Instruments Co., Ltd., China). The voltage for electrophoresis was supplied by a double-channel programmable power source (Nanjing Hengyue Electro-optical Technique Co., China). A plexiglass holder that integrates a precise 3D positioner (Shanghai Lian Yi Instrument Factory of Optical Fiber and Laser, China) was lab-built for emplacing the PDMS microchip and electrode system. A traditional three-electrode system is used with a carbon microdisk electrode (100 μm of diameter) as a working electrode (WE), a platinum wire as a counter electrode (CE) and an Ag/AgCl electrode as a reference electrode (RE). A CVM-100E Stereo Microscope (Shanghai Changfang Optical Instrument Co., Shanghai, China) was applied for observations in experiments.
Sylgard 184 (PDMS, including silicone elastomer and curing agent) was obtained from Dow Corning (Midland, MI). The 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, 2,3-dichlorophenol, 2,4,6-trichlorophenol, PDDA (Mw < 100000, 35 wt% in water) were all purchased from Aladdin Reagent (Shanghai, China). PSS (Mw = 70000) and Nafion (5%, w/w) were purchased from Alfa Aesar (Ward Hill, MA). Acetonitrile (HPLC grade) was obtained from Guangdong Guanghua Chemical Factory Co., Ltd. (Shantou, China). Sodium dodecyl sulfate (SDS) was purchased from DiYun Technology Co., Ltd. (Hong Kong, China). Graphene was obtained from Taiyuan Branch Carbon Nano Technology Co., Ltd. (Taiyuan, China). Tetraethylorthosilicate (TEOS) was purchased from J & K Technology Co., Ltd. (Shanghai, China). Na2HPO4, NaH2PO4, nitric acid, ethanol, NaOH, methanol, acetone and NH3·H2O were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All of the reagents were used without further purification, and ultrapure water was used throughout the experiments.
Fabrication of PDMS microchip
The simple-cross single-channel PDMS microchip was made as previously described. 26 A degassed 10:1 mixture of a precursor and a curing agent of Sylgard 184 was poured onto the GaAs mold, and cured for 2 h at 70 C. After the PDMS chip was peeled from the mold, 3 mm diameter holes were punched as the sampling and buffer pool at both ends of the channels. Before use, the PDMS chips should be ultrasonically cleaned subsequently with acetone, methanol and water for 20 min each and dried under an infrared lamp.
LBL assembly of a PDDA/SiO2 NSs /PSS functional film
The SiO2 NSs were prepared by the hydrolysis of TEOS (15 mL ethanol, 15 mL ultrapure water and 500 L TEOS, stirred for 30 min) by 20 mL of a 25% NH3·H2O solution. After stirring for 24 h, we centrifugally isolated the SiO2 NSs and washed it with ethanol and ultrapure water. The nanospheres present a global morphology with a uniformly of ca. 150 nm in size and a smooth surface (see inserted TEM image of those SiO2 NSs in Fig. 1A ). They were then dispersed in a running buffer as 2% (w/w) ultrasonically for further use.
The PDDA/SiO2 NSs/PSS-coated microchannel was prepared as follows: we pumped the PDDA solution (0.04%, w/w in water) through the channel for 10 min, and allowed it to stand for 1 h. This was followed by rinsing with ultrapure water for 5 min; the SiO2 NSs dispersoid (2%, w/w) and PSS solution (0.5%, w/w in water) were sequentially pumped through. A SEM image (Fig. 1A) clearly displayed a quasi-single layer with a basically ordered array of NSs. The AFM image (Fig. 1B ) also displayed the surface pattern of the coated microchannel ("b" in Fig. 1B ) to evidence its periodically protuberant surface other than the previously smooth channel ("a" in Fig. 1B) .
Preparation of the modified carbon microdisk electrode
For the preparation of a graphene/Nafion modified electrode, graphene (1.5 mg) was ultrasonically dispersed into a 1 mL Nafion solution (0.5%, w/w, in ethanol) for 30 min. Then, a cleaned carbon-disk electrode was immersed for 4 h, and then gently cleaned with ultrapure water and air dried. The whole installation system for separation is illustrated in Scheme 1.
Biological pretreatment of wastewater samples
To verify the practicability of the present method, real wastewater samples from several local factories were analyzed. They were all biologically pretreated using an activated sludge process in the Lab of Environmental Engineering of Soochow University.
Under artificial oxygenation conditions, the wastewater sample was mixed with microbial population in order to breed the activated sludge. The sludge could efficiently remove the contaminant due to the agglomeration, adsorption and oxidation when it was separated from the wastewater. The pretreated samples were then kept at 4 C in a refrigerator, adjusted to pH 9.48 and filtered through a 0.22 μm syringe filter just before use.
Results and Discussion
Surface property of a PDDA/SiO2 NSs/PSS-coated PDMS microchannel
Because of external silanol groups (Si-OH) on the channel wall, under the condition of a pH above 7.5, they provided ionic groups (Si-OH↔Si-O -+ H + ), resulting in a negatively charged surface. 27 PDDA (a quaternary ammonium polyelectrolyte) had protonated and retained positive charges, and thus could be tightly adsorbed on PDMS surface through electrostatic interactions that resulted in a positively charged channel surface. It was ready for electrostatic attraction with negatively charged SiO2 NSs. However, the PDDA layer was not solidly covered by those SiO2 NSs because of the great difference in the rigidity, charge density and also gaps between those SiO2 NSs (just as displayed in Fig. 1A ). There must be certain degree of remaining positively charged PDDA. Thus, negatively charged PSS was needed to cover the exposed PDDA surface through electrostatic interaction.
Herein, the contact-angle tests (Fig. 1C) gave evidence of surface hydrophilic alteration. The contact angle gradually decreased in accordance with the steps of modification (from "a" to "d"). Also, a vertical view of the droplet demonstrated the more hydrophilic channel than PDMS bulk ("e" and "f " in Fig. 1C) .
Controlled EOF on a modified microchannel
The EOF effectively characterizes the surface status of the microchannel, and impacts the separation efficiency. As depicted in Fig. 2 , the EOF is more stable against any pH alteration on a modified microchannel other than on a native one. By comparing of the alteration of the EOF values, depending on the pH with reported similar methods [20] [21] [22] [23] ( Table 1) , we could find that there was only 0.06 of ΔEOF during a pH change from 8.0 to 11.0, which is the smallest one. Noticeably, there are at least one of two main aspects of difference between our research and those reports. One is the use of PSS; the other is the presence or size of nano-particles. It means that PSS played an important role, which covered the exposed residual charges of PDDA to suppress the EOF. Also, the larger sized nano-particles were favorable to obtain a more inerratic surface because of the narrower size distribution. A lower and more stable EOF is favorable for the separation of CPs due to the improvement of the separation resolution by delaying the retention time.
Optimization of the conditions for electrophoresis Effect of SDS and acetonitrile.
The presence of SDS and acetonitrile in the running buffer influences the electrophoresis (Fig. 3) to improve both the resolution and detection response. SDS addition significantly improves the resolution aside from a moderately increased migration time, due to a partition of the analyte into the micellar phase; also the peak current became much higher by the addition of acetonitrile because it suppressed the adsorption of CPs on the microchannel. After being optimized, a running buffer containing 20 mM SDS and 50% (v/v) acetonitrile was recommended. Effect of the buffer pH. The buffer acidity is one of the most important conditions for electrophoretic separation. As shown in Fig. 4 , the resolutions of the analytes are gradually diminished along with the increasing pH. There would be seriously overlapped peaks if the pH of buffer solution was to be greater than 9.48. It could be attributed to a similar mobility when those CPs dissociated almost completely under such a condition. Meanwhile, the peak height increased remarkably along with the increasing buffer pH until it became 9.48. This could be attributed to the electrostatic repulsion between the negatively charged solute and the negatively charged SDS micelles 28 to depress the adsorption. Hence, a phosphate buffer of pH 9.48 was selected as being optimum. The retention times of the CPs changed not too much with the change of the pH from 8.0 to 11.0. The greatest variation of the retention time is within only 8 s, about 6.7% of the elution time. This demonstrates the limited variation of the EOF regarding to the pH again, but is also very significant for improving the resolution, since the different direction and degree of the shifted retention time of every CPs.
Performance of separation and detection
Characterization of electrochemical behavior of graphene/Nafion modified electrode. The performance of the modified electrode was characterized by CV and electrochemical impedance spectroscopy (EIS). As shown in Fig. 5 , the peak current on the modified electrode was 1.8 times greater than that on a bare electrode (after subtracted the baseline, see the measuring pattern in Fig. 5A ). This is considered to relate to the conductivity of graphene, which was clearly indicated by the reduced charge-transfer resistance of 460 Ω on the modified electrode compared to 1820 Ω before.
Thus, with the amperometric detection mode during separation monitoring, the detection limit became decreasing for an almost one order of magnitude (the data are all listed in Table 2 ) because of the higher signal/noise ratio, while a sufficient attenuation of capacitance current occurred. Optimization of the detection potential. It is indispensable to optimize the detection potential for the counterbalance between the analytical response and the noise. The effect of the detection potential applied to the modified electrode was investigated in the range of 0.6 to 1.1 V (vs. Ag/AgCl). From Fig. 6 , it is found that the current obviously increased with the increasing detection potential until 1.0 V. A higher potential not only induced the current decline, but also the unsteady baseline. Thus, 0.9 V (vs. Ag/AgCl) was decided as the optimal detection potential due to its highest signal/noise ratio. Linear range, detection limit and resolution. Under the optimal separation condition, the analytical properties on the modified microchip, including the linear range, regression equation, detection limit and correlation coefficient, are listed in Table 2 . Refer to the water quality standards of phenolic compounds in the environment, 0.005 mg L -1 (ca. 5 × 10 -8 M for Ph) by law in Japan, 29 and 0.002 mg L -1 in China (GB 5749-2006), the present method is promising to be applied to the detection of real environmental samples based on sensitivity.
The present work increases the resolutions between every two CPs for at least 2.4 (as listed in Table 3 ), which means the complete separation of those CPs on this functionalized microchannel. That the separation of five CPs may be achieved within 120 s is another important merit of our method. Compared to reported work (in Table 3 ), we can found, although the GC has a higher resolution, our new method is significant because it fulfill sufficient efficiency, including adequate resolution, operation simplicity, less time and cost consumption without any pretreatment, such as derivatization or extraction, on a simple experimental installation. Application to detect wastewater samples. Under the optimal conditions, the detection results and recoveries of five CPs in those pretreated wastewater samples are listed in Table 4 . The recoveries ranged from 89.8 to 104.8% with the RSD being less than 7.4%, and thus demonstrating excellent analytical performance.
Conclusions
In the present work, a novel method was established to separate and detect the CPs on a PDDA/SiO2 NSs/PSS coated PDMS microchannel by amperometric detection. Lower and stable EOF was obtained. The graphene/Nafion modified carbon microdisk electrode was used to achieve a higher detection sensitivity. Under the optimal conditions, including the buffer pH, contents of the surfactant and acetonitrile, five CPs were well separated with adequate resolution. The present approach has been applied for the determination of those CPs in industrial wastewater with satisfactory recoveries. 
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